Background/Aims: Osteosarcoma (OS) is a primary malignant bone tumor in humans, and is notorious mainly for its distal metastases. We have recently shown that Shikonin, an effective constituent extracted from Chinese medicinal herb, inhibits OS cell invasion through suppression of matrix metalloproteinase 13 (MMP13). However, the underlying mechanisms remain unknown. Methods: Here, we studied the levels of tumor necrosis factor (TNF)-alpha-induced protein 8-like 2 (TIPE2) in OS cells upon Shikonin treatment. TIPE2 levels were adapted in OS cell lines through transfection with plasmids carrying transgene or shorthairpin interference RNA (shRNA), and the effects of TIPE2 adaptation on MMP13 and cell invasiveness were evaluated by RT-qPCR, Western blot, ELISA and transwell cell migration assay, respectively. TIPE2 levels in OS specimens from patients were examined and correlated with cancer metastases and patient survival. Results: We found that Shikonin dose-dependently decreased MMP13 levels, and increased TIPE2 levels in two OS cell lines, U2OS and SaOS-2. Overexpression of TIPE2 in U2OS significantly suppressed MMP13 levels and cell invasiveness. Depletion of TIPE2 in SaOS-2 cells significantly increased MMP13 levels and cell invasiveness. Moreover, TIPE2 levels in OS specimens were significantly decreased, compared to adjacent non-cancer bone tissue. Lower TIPE2 levels correlated with higher incidence of metastases and worse 5-year survival. Conclusion: TIPE2 mediates the suppressive effects of Shikonin on MMP13 in osteosarcoma cells, and TIPE2 may be a novel therapeutic target for OS.
Introduction
Osteosarcoma (OS) is a primary malignant bone tumor in humans, and is notorious mainly for its distal metastases [1] [2] [3] [4] [5] [6] . In the past years, the advances in chemotherapy has assisted general surgery to substantially improve the long-term survival of patients with nonmetastatic OS. However, the survival rate for patients with metastatic OS remains low [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
Hence, elucidation of the molecular regulation of OS invasiveness as well as identification of novel therapeutic targets are critical for an effective OS therapy.
The extracellular matrix (ECM) plays a central role during tumor invasion. In line with these notions, the secreting proteolytic enzymes like matrix metalloproteinases (MMPs) digest ECM to allow cancer cell to invade and migrate [16] . MMP13 [17] [18] [19] [20] [21] [22] has been shown to be expressed in OS cells, and appears to be an attractive target for suppressing invasiveness of OS cells.
Shikonin is a purified constituent from a Chinese medicinal herb Lithospermum erythrorhixon [23] [24] [25] . Shikonin has demonstrated anti-tumor potent, in which it induces cancer cell apoptosis and necroptosis [23] [24] [25] . Recently, we reported that high-dose of Shikonin had prompt but profound anti-tumor effect on both primary and metastatic OS, through inducing RIP1 and RIP3-dependent cancer cell necroptosis [26] . Moreover, Shikonin inhibits OS cell invasion through suppression of MMP13 [27] . However, the underlying mechanisms remain unknown.
Tumor necrosis factor (TNF)-alpha-induced protein 8-like 2 (TIPE2) was first identified from inflamed spinal cords of experimental autoimmune encephalomyelitis (EAE) mouse model [28] . TIPE2 has been first identified as a novel immune negative molecule that appears to be critical to homeostasis maintenance in the adaptive and innate immunity [29] . Later on, TIPE2 has been found to inhibit inducible nitric oxide synthase (iNOS) and NO generation, and consequently suppress inflammation by switching arginine metabolism from nitric oxide synthase to arginase [30] , and thus has a role in macrophage polarization [6, [31] [32] [33] [34] [35] [36] . The dysregulation of TIPE2 has also been found to mediate diverse immunological diseases [37] [38] [39] [40] [41] . Recently, involvement of loss of TIPE2 has been suggested in the carcinogenesis of different cancer, including Non-small cell lung cancer [42] , hepatocellular carcinoma [43, 44] , renal cell carcinoma [45] , etc. However, whether TIPE2 may be involved in the pathogenesis of OS has not been reported.
Here, we found that Shikonin dose-dependently decreased MMP13 levels, and increased TIPE2 levels in two OS cell lines, U2OS and SaOS-2. Overexpression of TIPE2 in U2OS significantly suppressed MMP13 levels and cell invasiveness. Depletion of TIPE2 in SaOS-2 cells significantly increased MMP13 levels and cell invasiveness. Moreover, TIPE2 levels in OS specimens were significantly decreased, compared to adjacent non-cancer bone tissue. Lower TIPE2 levels correlated with higher incidence of metastases and worse 5-year survival.
Materials and Methods

Patient tissue specimens
Resected 36 OS specimens (paired OS and the adjacent non-cancer bone tissue (NT)) in this study were histologically and clinically diagnosed at the Guizhou Province Osteological Hospital from 2010 to 2014. For the use of these clinical materials for research purposes, prior patient's consents and approval from the Institutional Research Ethics Committee were obtained. The OS specimens were further separated into two groups based on presence of distal cancer metastases or not. The resected OS specimens and NT were confirmed independently by two experienced pathologists, and the tissue were chopped into small pieces, crashed and used for extraction of protein as shown before in the Western blot part.
Culture and transfection of human OS cell lines U2OS and SaOS-2 are two widely used human OS cell lines purchased from American Type Culture Collection (ATCC, Rockville, MD, USA), and were cultured in Dulbecco's Modified Eagle's Medium (DMEM, Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich, St Louis, MO, USA) in a humidified chamber with 5% CO 2 at 37°C. U2OS cells were derived by J. Ponten and E. Saksela in 1964 from a moderately differentiated sarcoma of the tibia of a 15 year old girl [46] . SaOS-2 is one of an extensive series of human tumor lines isolated and characterized by J. Fogh and G. Trempe from a 11 year old girl [47] . We chose these two lines since SaOS-2 cells express TIPE2, while U2OS cells do not. U2OS cells were transfected with plasmids carrying either a TIPE2 transgene, or a scrambled sequence (scr) as a control, and got a more than 95% of transfection efficiency, based on the expression of a co-transgene, green fluorescence protein (GFP). SaOS-2 cells were transfected with plasmids carrying either a short-hairpin interfering RNA for TIPE2 (shTIPE2), or a scrambled sequence (scr) as a control, and got a more than 95% of transfection efficiency, based on the expression of a co-transgene, green fluorescence protein (GFP). The human TIPE2 transgene was amplified from human peripheral blood mononuclear cells using TIPE2-specific primers (TIPE2-Foward, 5'-gtgactgaccacatacccca-3' and TIPE2-Reverse, 5'-agtgttagtgccaggtgagc-3'), subcloned into pscAAV-GFP cloning vector, and then sequenced to confirm the correct insertion. The sequence of shTIPE2 is 5′-GAAGTGAAACTCAGGTCCG-3′. Transfections were performed with Lipofectamine 2000 reagent (Invitrogen), according to the manufacturer's instructions. Shikonin Shikonin (>98%) was purchased from Shanghai Tauto Biotech Co., Ltd. Stock solution at 50 mmol/l was made in dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA) and stored in the dark at −20°C. The final Shikonin concentrations used for different experiments were prepared by diluting the stock solution with culture media. Shikonin was used to treat cells for 24 hours before analysis in FBS-containing complete media.
Transwell cell migration assay
The transwell cell migration assay was performed using a Fluorometric Cell Migration Assay kit with polycarbonate membrane inserts (5μm pore size; Cell Biolabs, San Diego, CA, USA). Cells were serumstarved overnight in DMEM prior to initiation of the experiment. The lower chambers were filled with 1 ml of conditioned media. Cells (4 × 10 4 ) were re-suspended in 200μl of DMEM and added to the upper chamber. Cells were then incubated at 37 °C for 24 hours to allow cell migration through the membrane. Migratory cells were detached from the underside of the membrane and subsequently lysed and detected by CyQuant GR dye (Invitrogen). Fluorescence measurement was performed in a FluoStar Optima fluorescence plate reader with a 485/520 nm filter set.
RNA extraction, reverse transcription and quantitative RT-PCR
Total RNA was extracted from the cultured cells using RNeasy kit (Invitrogen), according to the manufacturer's instruction. For mRNA analysis, complementary DNA (cDNA) was randomly primed from 2μg of total RNA using the Omniscript reverse transcription kit (Qiagen, Hilden, Germany). Quantitative Real-time PCR (RT-qPCR) was subsequently performed in duplicate with a 1:4 dilution of cDNA using the Quantitect SyBr green PCR system (Qiagen). Primers are: TIPE2-Forward: 5'-gactgaccacataccccactc-3'; TIPE2-Reverse: 5'-tcaccaaagctaagtgccgt-3'; MMP13-Forward: 5'-CCCAGGAATTGGTGATAAAG-3'; MMP13-Reverse: 5'-ATTACCCCAAATGCTCTTCA-3'; α-tubulin-Forward: 5'-CCAAGCTGGAGTTCTCTA -3'; α-tubulinReverse: 5'-CAGAGTGCTCCAGG-3'. Data were collected and analyzed using 2 -△△Ct method for quantification of the relative mRNA expression levels. Values of genes were first normalized against α-tubulin, and then compared to the experimental controls.
Western blot
The protein was extracted from cell lysates after homogenization with RIPA lysis buffer (1% NP40, 0.1% SDS, 100 μg/ml phenylmethylsulfonyl fluoride, 0.5% sodium deoxycholate, in PBS) on ice. The supernatants were collected after centrifugation at 12000×g at 4°C for 20min. Protein concentration was determined using a BCA protein assay kit (Bio-rad, China), and whole lysates were mixed with 4 ×SDS loading buffer (125 mmol/l Tris-HCl, 4% SDS, 20% glycerol, 100mmol/l DTT, and 0.2% bromophenol blue) at a ratio of 1:3. Protein samples were heated at 100°C for 5 min and were separated on SDS-polyacrylamide gels. The separated proteins were then transferred to a PVDF membrane. The membrane blots were first probed with a primary antibody. After incubation with horseradish peroxidase-conjugated second antibody, autoradiograms were prepared using the enhanced chemiluminescent system to visualize the protein antigen. The signals were recorded using X-ray film. Primary antibodies for Western Blot are anti-TIPE2, anti-MMP13 and α-tubulin (all from Cell Signaling, San Jose, CA, USA). α-tubulin was used as protein loading controls. Secondary antibody is HRP-conjugated anti-rabbit (Jackson ImmunoResearch Labs, West Grove,
Results
Shikonin dose-dependently suppresses MMP13 and increases TIPE2 in OS cells
In order to examine the mechanisms underlying the suppressive effects of Shikonin on MMP13 in OS cells, we selected two commonly used human OS cell lines, U2OS and SaOS-2, which are TIPE2-negative and TIPE2-positive, respectively. Then we checked the effects of Shikonin at low doses (0.01 µmol/l, 0.1 µmol/l and 1 µmol/l) to the cultured SaOS-2 and U2OS cells. We found that Shikonin dose-dependently decreased the cellular MMP13 levels in SaOS-2 cells, shown by representative Western blots (Fig. 1A) , and by quantification (Fig.  1B) . Moreover, we found that Shikonin dose-dependently increased the TIPE2 levels in SaOS-2 cells, shown by representative Western blots (Fig. 1A) , and by quantification (Fig.  1C) . Similarly, Shikonin dose-dependently decreased the cellular MMP13 levels in U2OS cells, shown by representative Western blots (Fig. 1C) , and by quantification (Fig. 1D) . Moreover, Shikonin dose-dependently increased the TIPE2 levels in U2OS cells, shown by representative Western blots (Fig. 1C) , and by quantification (Fig. 1E) . Thus, regardless of endogenous TIPE2 levels, Shikonin dose-dependently suppresses MMP13 and increases TIPE2 in OS cells.
TIPE2 overexpression inhibits MMP13 in U2OS cells
In order to find out whether Shikonin indeed inhibits MMP13 in OS cells through TIPE2, we overexpressed TIPE2 in U2OS cells to evaluate its effects on the Shikonin-induced suppression of MMP13. Thus, we transfected U2OS cells with either a TIPE2-overexpressing plasmid, or a control plasmid carrying a scrambled sequence (scr). First, overexpression of TIPE2 in U2OS cells was confirmed by RT-qPCR ( Fig. 2A) . We found that overexpression of TIPE2 in U2OS cells significantly decreased MMP13 levels, by RT-qPCR (Fig. 2B) , by Western blot (Fig. 2C) , and by ELISA on the secreted protein in the conditioned media (Fig.  2D) . Moreover, the suppression of MMP13 by TIPE2 overexpression resulted in a significant reduction in cell invasiveness, in a transwell cell migration assay (Fig. 2E-F) .
TIPE2 depletion activates MMP13 in SaOS-2 cells
In a loss-of-function approach, we inhibited TIPE2 in SaOS-2 cells to evaluate its effects on the Shikonin-induced suppression of MMP13. Thus, we transfected SaOS-2 cells with 
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The suppression of MMP13 by TIPE2 overexpression resulted in a significant reduction in cell invasiveness, in a transwell cell migration assay, shown by quantification (E), and by representative images (F). *p<0.05. N=5. Scale bars are 20µm. Deng 
either a plasmid carrying shTIPE2, or a control plasmid carrying a scrambled sequence (scr). First, depletion of TIPE2 in SaOS-2 cells was confirmed by RT-qPCR (Fig. 3A) . We found that depletion of TIPE2 in SaOS-2 cells significantly increased MMP13 levels, by RT-qPCR (Fig.  3B) , by Western blot (Fig. 3C) , and by ELISA on the secreted protein in the conditioned media (Fig. 3D) . Moreover, the activation of MMP13 by TIPE2 depletion resulted in a significant TIPE2, compared to NT. Moreover, the TIPE2 levels in OS with distal metastases were significantly lower than OS without distal metastases. (B) The 36 patients were followed-up for 5 years. The median value of all 36 cases was chosen as the cutoff point for separating TIPE2-high cases (n=18) from TIPE2-low cases (n=18). Kaplan-Meier curves were performed, showing that TIPE2-low OS patients had a worse 5-year survival, compared to TIPE2-high OS patients. *p<0.05. **p<0.01. N=5.
TIPE2 levels in OS specimens
TIPE2 levels in 36 OS specimens were then analyzed, compared to adjacent non-cancer bone tissue. Moreover, OS specimens were further separated into 2 groups, according to the presence of distal metastases (Meta) or not (no Meta). The protein levels of TIPE2 were determined in the specimens by Western blot. We found that OS contained significantly lower levels TIPE2, compared to NT. Moreover, the TIPE2 levels in OS with distal metastases were significantly lower than OS without distal metastases (Fig. 4A) . Next, we investigated whether the levels of TIPE2 may correlate with overall survival of OS patients. After resection of the tumor, the 36 patients were followed-up for 5 years. The median value of all 36 cases was chosen as the cutoff point for separating TIPE2-high cases (n=18) from TIPE2-low cases (n=18). Kaplan-Meier curves were performed, showing that TIPE2-low OS patients had a worse 5-year survival, compared to TIPE2-high OS patients (Fig. 4B) . Thus, lower TIPE2 levels seem to indicate higher incidence of metastases and worse 5-year survival. Together, our study suggests that TIPE2 may mediate the suppressive effects of Shikonin on MMP13 in osteosarcoma cells (Fig. 5) .
Discussion
High-dose Shikonin induces cancer cell necroptosis in OS, while delivery of high-dose Shikonin locally into the OS may be challenging and could have potent side-effects [23] [24] [25] . Thus, in our previous study and here, we analyzed the effects of low-dose Shinkonin on the invasiveness of OS, as well as the underlying mechanisms. We have shown that Shikonin dosedependently decreased MMP13 levels in OS cells, resulting in suppression of invasiveness in both scratch wound healing assay and transwell cell migration assay. Here, we further showed that Shikonin dose-dependently increased TIPE2 levels in OS cells.
Previous studies have shown that TIPE2 is a novel anti-inflammatory factor involved in immune negative regulation and homeostasis maintenance [28, 29] . TIPE2 is not detectable or weakly expressed in most human cancer cells, compared to their expression in non-cancer cells [28, 29] . Thus, TIPE2 may be a tumor-suppressor and its loss may facilitate human cancer progression. Indeed, accumulating evidence has highly suggested a pivotal role of TIPE2 in cancer [42] [43] [44] [45] . However, the information about the cell-autonomous role of TIPE2 in human cancers is limited.
Here, we showed compelling data on the low expression of TIPE2 in OS tissue, especially in those OS with distal metastases. Most interestingly, TIPE2 was recovered in OS cells by Shikonin in a dose-dependent manner. In both loss-of-function and gain-offunction approaches, we found that TIPE2 directly regulated MMP13 levels in an inverse way. Together with previous reports, these data demonstrate a potential anti-OS role of Shikonin, and suggest that Shikonin not only induces cell death of OS cells but also inhibits OS cell invasion through TIPE2 re-expression. Since we have examined two OS lines with distinct expression levels of TIPE2, and have got essentially similar results, our approaches thus should be able to rule out a possibility of our findings to be cell-line dependent. 
